these organelles did not contain fluid-phase endocytosis marker, suggesting that they are different from the mvbs previously characterized, which mediate transport between early and late endocytotic compartments. Thus, KIFC2 is the neuron-specific C-terminal-type KIF abundant in dendrites, and transports mvb-like organelles along microtubules.
Results

Cloning of KIFC1 and KIFC2 Using KIFC-Specific PCR Screening
Our initial PCR screening with an IFAYGQT consensus primer and a LAGSE consensus primer failed to reveal the presence of KIFCs in mouse brain (Aizawa et al., 1992) . We therefore searched for a consensus sequence specific for KIFCs, and found one in the "neck" region just upstream of the highly conserved ␤1 strand in the head domain ( Figure 1a ). Based on this consensus sequence, we synthesized a mixed primer. Control PCRs using this KIFC primer and the LAGSE primer specifically amplified ncd, but not conventional kinesin (data not shown). Using this PCR condition, we performed the first PCR with mouse brain cDNA library as a template. Then the amplified products were further amplified using the IFAYGQT primer and the LAGSE primer. Among the products, two clones contained the SSRSH consensus, and were used as the probe to screen the cDNA library. Thus we cloned two novel KIFCs, KIFC1 and KIFC2, from mouse brain.
KIFC1 Is a Mouse Homologue of CHO2 Antigen
KIFC1 consists of 609 amino acids (the sequence is deposited to the DDBJ/EMBL/Genbank database under accession number D49544). Its motor domain is located at the C-terminal (247-609 amino acids), and its mRNA is about 2.5 kbp in length and abundant in the embryo (E14) and in adult spleen (data not shown). KIFC1 showed a significant degree of similarity (84.9% identical, 90.1% similar) to CHO2 antigen, a hamster protein this protein and reported that it is very similar to ncd
The five residues (ELKGN) just upstream of the ␤1 strand consensus (IRVXXRXRP) were conserved only among C-terminal KIFs but not and kar 3, and that it is supposed to be involved in in N-terminal or central type KIFs. mitosis (Kuriyama et al., 1995) . Our results of mRNA blot 
KIFC2 Is a Novel KIFC
other known KIFs, which represent already identified subfamilies.
KIFC2 consists of 792 amino acids (Figure 1b; nucleotide
The phylogenetic tree was drawn as described previously (Sekine sequence is deposited to the DDBJ/EMBL/Genbank da- et al., 1994) by analyzing the sequences of the conserved motor tabase under accession number D49545). Its motor dodomain with clustal W software package (Higgins, 1994) . Branches main is located at the C-terminal (410-760 amino acids).
with Ͼ95% bootstrap value were indicated with filled circles. All
The region upstream of the motor domain (1-409 amino known KIFCs, other than KIFC2, were on the same branch as kar3 and ncd, and they consist of the kar3/ncd subfamily. KIFC2, howacids) showed no significant homology to other KIFs or ever, did not belong to this subfamily, nor to other N-terminal or known protein, suggesting that KIFC2 is a novel KIF. This central type KIF subfamilies. Thus, KIFC2 is a novel KIF. was supported by the results of molecular phylogenetic analysis. As we and other groups have reported, molecular evolutional analysis of conserved motor domains kawa, 1996) . As shown in Figure 1c , kar3, ncd, CHO2, KIFC1, and other known KIFCs all belong to the same is very effective for the classification of KIFs (Goldstein, 1993; Goodson et al., 1994; Sekine et al., 1994 ; Hirobranch, and form a kar3/ncd subfamily. However, KIFC2 does not belong to this subfamily or other known KIF to kar3/ncd subfamily KIFCs, and KIFC2 was assumed to be a homodimer. subfamilies at a bootstrap value of Ͼ95%. This strongly suggests that KIFC2 is totally different from known This prediction is supported by the following two results. As a result of the sucrose density gradient centrifuKIFCs and other KIFs. Therefore, we further analyzed this protein.
gation, the sedimentation coefficient of native KIFC2 protein was determined to be 6 S ( Figure 2b ). By comparing this value with that of ␣ 2 kinesin (6.9 S, 240 kDa) KIFC2 Is a Homodimeric Protein without Associating Polypeptides (Hackney et al., 1991) , KIF1A (6 S, 200 kDa) (Okada et al., 1995b) , and KIF1B (5.8 S, 130 kDa) (Nangaku et al., Ncd forms a parallel homodimer through its central coiled coil region, and the overall structure resembles 1994), the Mr of native KIFC2 protein in solution was estimated to be about 200 kDa, twice the calculated Mr conventional kinesin without the light chains (Chandra et al., 1993b) . Other KIFCs of kar3/ncd subfamily are of the single KIFC2 polypeptide. On the other hand, no associating polypeptide was detected in the native considered to have similar structures. It is thus of interest to compare the structure of KIFC2 with kar3 KIFC2 protein purified from mouse brain using anti-KIFC2 antibody (Figure 2c ). Thus, KIFC2 protein would and ncd.
The central region of KIFC2 was predicted to form a form a homodimer through its central coiled coil stalk region. Although less likely, the possibility was not totally long stretch of ␣-helical coiled coil structure, the N-terminal domain to form a tail region, and the C-termiexcluded that the KIFC2 holoenzyme consists of one KIFC2 polypeptide and many small associating polypepnal domain to be the head motor domain (Figure 2a) . Thus, the overall structure was predicted to be similar tides.
Activity of KIFC2
In order to analyze its motor activity, we tried to express recombinant KIFC2 protein using both bacterial and baculovirus expression systems. However, the expressed protein formed insoluble inclusion bodies, and we have not yet succeeded in purifying active recombinant protein. To improve solubility, we constructed several deletion mutants that lack the tail domain and central coiled coil stalk domain. Only two fragments (T3 and T4) that lack the N-terminal tail and most of stalk domain ( Figure  3a ) were recovered in soluble fractions when they were expressed as fusion proteins with an N-terminal thioredoxin tag. Both fragments exhibited microtubule-activated ATPase activity (Figure 3a ). They associate with and dissociate from microtubules in a nucleotide-dependent manner at the physiological ionic strength (Figures 3b and  3c) . When bound to a coverglass, the fragments captured microtubules in an ATP-dependent manner (data not shown). In the absence of ATP, microtubules were firmly attached to the coverglass. In the presence of 1-2mM ATP, microtubules oscillated randomly, as observed with dynamin , ncd (Chandra et al., 1993a) , and dynein (Vale et al., 1989) . With higher concentrations of ATP, microtubules were not found on the coverglass surface. These activities and behaviors all support that KIFC2 is a microtubule-dependent motor, but our attempts to determine the motile properties of KIFC2 in vitro have thus far been unsuccessful. This may be due to the truncation of the coiled coil stalk and/ or the fusion with the thioredoxin tag, which might affect the structure around the neck region, which is believed to be important for the motor activity; or, some essential posttranslational modification is lacking in bacterial and insect cells.
KIFC2 Is Specifically Expressed in Adult Neurons
To elucidate the function of KIFC2, we have analyzed 
KIFC2 Is Localized Dominantly in Dendrites
We further examined whether KIFC2 is expressed in neurons by using cultured hippocampal neurons. As (e) shows the expression pattern in the nervous system. The same amount of proteins extracted from various nervous tissues was loaded to each lane. In the same gel, a dilution series of the proteins extracted from cerebral cortex were applied to use as the calibration standards. Interestingly, the expression of KIFC2 was not homogeneous, while KIF1A, kinesin (KHC), and KIF3A were expressed almost at the same level in various parts of the brain. KIFC2 was most abundantly expressed in the cerebral cortex. The expression level of KIFC2 in the forebrain was 80-100% of that in the cerebral cortex. In the cerebellum, however, the expression level was about 40%, and it was less than 20% in the spinal cord. In cauda equina, KIFC2 was hardly detectable. (f) shows that cultured hippocampal neuron expresses KIFC2 protein. The position of the KIFC2 band was exactly as same as the band of recombinant KIFC2 protein expressed with the recombinant adenovirus vector, AxCA-YK-mycKIFC2 (mycKIFC2). This panel also demonstrates that the amount of KIFC2 in sciatic nerve is about 0.1-0.3% of that in cerebral cortex. The KIFC2 signal in the lane loaded with 15 g sciatic nerve protein extract was weaker than the signal in the lane loaded with 0.1 g cerebral cortex protein extract. (g) and (h) show the coronal section of mouse cerebral cortex stained with anti-KIFC2 antibody. Pyramidal cells in layers V and VI were strongly stained, while no staining was detected in the white matter (*). Arrow in (g) indicates the surface of the cortex. In the pyramidal cells, both apical and basal (arrow in h) dendrites as well as cell bodies were intensely stained. Scale bars ϭ 100 m (g) and 50 m (h).
shown in Figure 4f , our anti-KIFC2 antibody recognized in neurons. However, the amount of KIFC2 in the extract of peripheral nerves such as cauda equina and sciatic a single 97 kDa band in the total homogenate of cultured hippocampal neurons. This band was exactly at the nerves was only 0.1-0.3% of that in the cerebral cortex extract (Figures 4e and 4f ). This suggests that most of same position as the recombinant KIFC2 protein overexpressed by the infection of the recombinant adenovirus KIFC2 is localized to the cell bodies and the dendrites of neurons, rather than in axons. AxCA-YK-mycKIFC2. Therefore, our antibody specifically recognizes KIFC2 protein, and KIFC2 is expressed
The localization of KIFC2 protein was further analyzed The sample was observed with a MRC1000 confocal microscope, and pseudocolored overlay was produced to compare the staining pattern (c). KIFC2 was localized to large punctate structures in dendrites and cell bodies, but was not detectable in axons not running along dendrites.
by immunofluorescent staining of the cerebral cortex cerebral cortex (gray matter) of mice or rats was used for this analysis. Using differential centrifugation, KIFC2 (Figures 4g and 4h ). Strong staining was detected in pyramidal cells in layers V and VI. Both apical and basal was recovered in all fractions (Figure 6a ), even in the presence of 1 M NaCl. In the presence of 1% Triton dendrites as well as the cell bodies were intensely stained. However, axonal staining was not apparent X-100, however, KIFC2 was not recovered in the 10k ϫ g pellet (P2) or 100k ϫ g pellet (P3). This suggests that even in the white matter, supporting the conclusion derived from the immunoblot analyses.
KIFC2 tightly associates with some membrane organelles recovered in the P2 and P3 fractions. Triton X-100 This intracellular localization of KIFC2 protein was further examined using low density culture of hippocamcould not solubilize the complex recovered in the 400k ϫ g pellet (P4). This complex was partly solubilized pal neurons. As shown in Figures 5a-5d , anti-KIFC2 antibody stained large punctate structures in the cell by the addition of NaSCN (1M), KI (0.6 M) to the PNS before centrifugation, but RNAse treatment had no efbody and dendrites; no staining was detected in axons. These large punctate structures did not show overlap fects (data not shown). We therefore suppose that this pellet will be a protein complex that contains KIFC2. with several markers for subcellular structures such as Mitotracker (Molecular Probes, Eugene, OR) for mito-
To further examine what is transported by KIFC2, the PNS was subjected to Nycodenz density gradient cenchondria (Nangaku et al., 1994) , synaptophysin for synaptic vesicles and their precursors (Obata et al., 1986;  trifugation (NDG). KIFC2 was recovered in two peaks at ‫3.1ف‬ g/ml and ‫31.1ف‬ g/ml, respectively ( Figure 6b ). Okada et al., 1995b) , and SYTO14 (Molecular Probes) for RNA granules (Frey, 1995) (data not shown).
The lighter peak corresponds to the opaque band enriched with membranous organelles and a little bit The dendrite-dominant localization of KIFC2 protein in neurons was further confirmed by the overexpression heavier than synaptosomes. The addition of 1M NaCl to the PNS and the gradient did not affect the recovery of myc-tagged KIFC2 protein in cultured hippocampal neurons by infecting the recombinant adenovirus vector pattern of KIFC2 (data not shown), and 1% Triton X-100 diminished the lighter peak. Thus, the KIFC2-bound AxCA-YK-mycKIFC2. The staining with anti-KIFC2 antibody ( Figure 5e ) was much stronger in infected neurons membrane organelles recovered in the P2 and P3 fractions by differential centrifugation were recovered in a than in uninfected neurons, and the staining pattern was exactly the same as that with the anti-myc tag antibody single peak around ‫31.1ف‬ g/ml by NDG centrifugation, while the KIFC2-containing protein complex in the P4 (Figure 5f ). However, these stainings showed no overlap with the staining with an axonal marker, anti-neurofilafraction was recovered in the heavier fractions at ‫3.1ف‬ g/ml. This density corresponds well to the reported denment H antibody (Figures 5g and 5h) . The overexpressed KIFC2 protein localized to both dendrites and cell bodsity of protein complex in Nycodenz solution (Gugerli, 1984) . ies, but was not detectable in axons. That is, KIFC2 is sorted mainly into dendrites.
We further purified the membrane organelles and protein complex that contain KIFC2 by immunoisolation. Because we detected a very low amount of KIFC2 in axons by immunoblotting, we performed immunofluoFirst, we analyzed the molecular composition of these KIFC2 cargoes by immunoblotting (Figure 6c ). The rescent microscopy of sciatic nerves after ligation. At the proximal regions of 6 hr-ligated axons, we detected KIFC2 cargoes did not contain other microtubuledependent motors, such as KIF1A, KIF3, KIF5 (kinesin), accumulation of KIFC2, but the staining was much weaker than that in the cases of the other motors, such cytoplasmic dynein, and dynactin. We also tested many neuronal proteins, such as synaptic vesicle proteins as kinesin (Hirokawa et al., 1991) , brain dynein (Hirokawa et al., 1990) , KIF3 (Kondo et al., 1994) , and KIF1A (Okada (synaptophysin, SV2) , presynaptic plasma membrane proteins (syntaxin, SNAP-25), a postsynaptic plasma et al., 1995b) . No accumulation was detectable in the samples of shorter ligation period (e.g., 2 hr). Thus, in membrane protein (glutamate receptor), proteins related to coated vesicles (clathrin, adaptin ␤, adaptin ␥), and total, KIFC2 is dominantly localized in dendrites and cell bodies, while it exists only in a very low amount, if at proteins involved in the endocytotic pathway (dynamin, rab5, Lamp2, trk). However, none of these proteins was all, in axons. copurified with KIFC2. Therefore, we abandoned this approach, and tried to KIFC2 Associates with Multivesicular Body-Like Organelles identify KIFC2 cargoes using a morphological approach. For this purpose, KIFC2-bound membrane organelles The intracellular localization pattern of KIFC2 suggests its role is that of a dendritic transport motor. In that and KIFC2-containing protein complex were immunopurified from the NDG fractions using supraparamagcase, what does it transport? We first examined whether KIFC2 is associated with membrane organelles or with netic beads coated with anti-KIFC2 antibody. Then the beads were observed with an electron microscope. No other complexes, such as RNA-carrying particles. The postnuclear supernatant (PNS) of a homogenate of the identifiable structure was observed on the surface of (d) Negative control with normal rabbit IgG. Scale Bar ϭ 50 m.
(e-h) Cultured hippocampal neuron overexpressing myc-tagged KIFC2 with the recombinant adenovirus vector, AxCA-YK-mycKIFC2. Neurons were infected 7-8 days after plating and fixed 12 hr after infection. They were then stained with anti-KIFC2 antibody (e; red in h), anti-myc tag antibody (f; blue in h) and anti-neurofilament H antibody (g; green in h). The cell body and the dendrites of the infected neurons were uniformly and brightly stained with both anti-KIFC2 antibody and anti-myc tag antibody; however, overexpressed KIFC2 protein was excluded from the axon (arrows). KIFC2 was recovered in 10k xg pellet (P2), 100k xg pellet (P3) and 400k xg pellet (P4). This pattern was not affected by the addition of 1 M NaCl to the PNS, but 1% Triton X-100 solubilized the organelles to be recovered in P2 and P3 fractions, suggesting these organelles are membrane organelles.
(b) Nycodenz density gradient centrifugation of mouse PNS. KIFC2 was recovered in two peaks. The heavier one was not affected by the addition of 1% Triton X-100 to the sample, but the lighter peak was diminished by Triton. Thus, the lighter peak contains the KIFC2-bound membrane organelles recovered in P2 and P3 fractions. This peak fraction was a little bit heavier than synaptosomes.
(c) Immunoblot analyses of immunoisolated KIFC2-bound organelles. KIFC2-bound organelles were isolated with anti-KIFC2 antibody-coated beads, and the beads were analyzed with immunoblotting. Lanes marked S indicate the supernatants that contain organelles that were not pelleted with immunobeads. In this experiment, about 80% of KIFC2-bound organelles were recovered on the immunobeads, but no proteins probed in this experiment coprecipitated with KIFC2.
the beads incubated with the heavier peak that contains This result demonstrates that KIFC2 is specifically associated with some mvb-like organelles, and sug-KIFC2-containing protein complex. However, those incubated with the lighter peak that contains KIFC2-gests that KIFC2 transports these mvb-like organelles.
To date, mvb is considered to be involved in the transbound membrane organelles were decorated with membranous organelles (Figure 7a) . port between early and late endocytotic compartments (Hollenbeck, 1993) . Therefore, we examined whether puFor the quantitative comparison, all the beads in a randomly selected hole of the 150 mesh grid were obrified KIFC2-cargo mvb-like organelles contained endosomal or lysosomal marker proteins by immunoblot (Figserved. The surface of 135 KIFC2-antibody beads thus observed (total length 1190 m) was decorated with 271 ure 6c). We also examined whether the large punctate structures in dendrites stained with anti-KIFC2 antibody (229/mm beads surface) membranous organelles. About half (145/271) of these organelles were multivesicular overlap with endosomal or lysosomal markers ( Figures  7h-7j) . However, to our surprise, the results were negabody (mvb)-like organelles. Among them, 82 (69/mm beads surface) were larger than 150 nm in diameter tive. Rab5, dynamin, lamp2, and trk were not copurified with KIFC2-cargo organelles (Figure 6c ). Rhodamine-(200 Ϯ 30 nm, mean Ϯ sd), and 63 (53/mm surface) were smaller than 100 nm (Figures 7c-7e) . 67 (56/mm beads BSA, which labels all endocytotic organelles (Parton et al., 1992) (Figure 7h) ; transferrin receptor, which labels surface) appeared to be punctured mvb-like organelles (Figures 7f and 7g) , and 59 (50/mm beads surface) were early endosomes (Mundigl et al., 1993) (Figure 7i) ; and Lamp2, which labels lysosomes and late endosomes vesicles similar to those contained in the mvb-like organelles. From these morphological features, we as- (Chen et al., 1986) (Figure 7j ) did not colocalize with KIFC2 in the dendrites of hippocampal neurons. Thus, sume that the latter two types of organelles would be artifacts formed from mvb-like organelles during the hothe mvb-like organelles associated with KIFC2 are a novel class of mvb that are not involved in transport mogenization and/or purification processes.
As a control, 119 beads coated with nonspecific rabbit between early and late endosomes. IgG were observed (total length 860 m). The control beads also had some membrane organelles on their Discussion surface, but at much lower density (37/mm) (Figure 7b ). The density of Ͼ150 nm mvb-like organelles, Ͻ100 nm
We have cloned two C-terminal motor domain-type KIFCs by utilizing a KIFC consensus primer. One of mvb-like organelles, punctured mvb-like organelles, and vesicles were 6, 9, 10, and 12 per millimeter beads surthem, KIFC2, is a novel KIF, specifically expressed in adult neurons. It is localized in punctate structures in face, respectively.
with anti-KIFC2 antibody; red shows the staining with rhodamine-BSA (h), anti-transferrin receptor antibody (i), and anti-lamp2 antibody (j). None of these markers showed colocalization with KIFC2. These results suggest that the mvb-like organelles that are associated with KIFC2 are different from the previously reported mvbs involved in the transport between the early and the late endocytotic compartments. Scale bars ϭ 5 m (h and i) and 20 m (j). KIFC2-bound organelles isolated on the anti-KIFC2 antibody-coated magnetic beads were observed with electron microscope. The beads were decorated with multivesicular body (mvb)-like organelles (a: lower magnification view; c-e: higher magnification views). Some organelles appeared to be punctured mvb-like organelles (f and g). Control beads coated with nonspecific rabbit IgG were decorated with membrane organelles at much lower densities (b). Scale bars ϭ 200 m (a, b, and c) . Panels c-g are at the same magnification. (h-j) High magnification views of cultured hippocampal neurons double-stained with endocytotic pathway markers. Green shows the staining dendrites and cell bodies. The immunoisolation of the is involved in mitosis or that it is a close relative of kar3 or ncd. KIFC2 cargoes revealed that KIFC2 associates with mvb-like organelles, but these organelles lack endocyThis means that it is very likely that there exist more KIFCs involved in organelle transport. Some of them are totic markers. These results suggest that KIFC2 transports mvb-like, non-endocytotic organelles along microlikely to be closely related to KIFC2 and are likely to form a KIFC2 subfamily. For example, the low level of tubules dominantly in cell bodies and dendrites. These issues are discussed below.
expression of KIFC2 in the hindbrain and spinal cord suggests the existence of an unidentified motor that compensates for the lack of KIFC2. A KIFC2 subfamily Identification of KIFC Consensus Sequence member is a good candidate for such a motor. To efficiently identify C-terminal motor domain-type KIFs, we searched for a consensus sequence specific KIFC2 Localizes Dominantly in Dendrites for KIFCs. Fortunately, we found one such sequence, and Cell Bodies and the primer synthesized based on it functioned as a Most of KIFC2 protein were detected in dendrites and specific primer for cloning of a novel C-terminal-type cell bodies of neurons. KIFC2 was almost undetectable KIF. This means that this consensus sequence is conin axons even when the protein was overexpressed. served not only in the kar3/ncd subfamily, but also in Therefore, most of KIFC2 protein is sorted to dendrites other KIFCs. Thus, this KIFC consensus sequence could and cell bodies, or most of KIFC2 protein tends to be be the first to be identified that is conserved among excluded from axons. It is true that sensitive immunoblot different subfamilies.
did detect KIFC2 protein in axonal preparations (cauda This finding has the following two implications. First, equina and sciatic nerves) and that KIFC2 appeared to this consensus sequence can be utilized as a specific accumulate to a barely detectable level by immunofluomarker for KIFCs. In fact, in our PCR screening using rescence after very long ligation (eg., Ͼ6 hr) of sciatic the primer synthesized based on this consensus senerve (data not shown). However, the amount of KIFC2 quence, we identified two KIFCs. We thus believe that protein in these peripheral axons was only 0.1-0.5% of we will be able to identify more KIFCs from various that in cerebral cortex. These results are very similar to tissues and species using the same approach.
MAP2, a dendrite-specific MAP. MAP2 is immunofluoSecond, KIFCs exhibit very different motile properties: rescently undetectable in axons, but is detectable in KIFCs such as ncd move toward the minus end of microsciatic nerves by immunoblotting, though its level is very tubules, while others move toward the plus end. What low . Furthermore, overexpressed causes this difference in motile properties is a very im-MAP2 localizes to dendrites and cell bodies (Kanai and portant yet unanswered question and might be closely . Thus, we consider that KIFC2 is a denrelated to the mechanism of chemomechanical transdrite dominant KIF that plays its specific role in denduction of kinesin motors. Recently, the crystal strucdrites, though we cannot totally exclude a possibility tures of the motor domain of the plus end-directed mothat the very small amount of KIFC2 might serve some tor kinesin and the minus end-directed important transport functions in axons. motor ncd were solved and were What makes this polarized distribution of KIFC2 profound to be strikingly similar to each other. No significant tein in neuronal processes? One possibility is that there difference was found within the motor domain. Thus, exists some sorting signal on the cargo vesicles with it was postulated that the difference that causes the which KIFC2 associates. This possibility is excluded difference in the motile properties would lie in the neck from our overexpression experiment. The overexpressed region just up-or downstream of the motor domain.
protein no longer restricted to large punctate structures Furthermore, the results of structural studies of myosin in dendrites. Its staining pattern was rather uniform or motors also suggest the importance of this neck region cytoplasmic. Thus, most of the overexpressed KIFC2 (Rayment et al., 1993; Jontes et al., 1995; Whittaker et protein would be free from its cargo organelles. Howal., 1995) . Interestingly, the KIFC consensus sequence ever, this free KIFC2 protein does not localize to axons. lies in this neck region, just upstream of the conserved This suggests that KIFC2 protein itself has some proper-␤1 strand that associates with the purine ring of ATP.
ties that prevent it from entering axons, or enhance Therefore, this consensus region might be important in degradation in axons. From this point of view, the asdetermining the motile properties of KIFCs.
sumed polarity of KIFC2 motility is interesting. Although we could not demonstrate it in this study, the structural resemblance between KIFC2 and kar3/ncd subfamily mi-KIFC2 May Be the First Member of a Novel KIFC Subfamily to Be Identified nus end-directed motors suggests that KIFC2 is also a minus end-directed motor. If so, KIFC2 cannot move The overall structure of KIFC2 resembles that of kar3/ ncd subfamily KIFCs. However, the degree of its seinto axons with its own motor activity, because microtubules in axons have uniform polarity with their minus quence similarity to kar3 or ncd is very low, and molecular phylogenetic analysis revealed that KIFC2 does not ends toward the cell body. On the other hand, in dendrites, the polarity of microtubules is mixed (Baas et belong to the same subfamily as ncd or kar3. In fact, all the members of the kar3/ncd subfamily are involved in al., 1988). Thus, KIFC2 can move into dendrites along microtubules with their plus ends toward the cell body. mitosis or meiosis, but KIFC2 is not expressed in dividing cells. KIFC2 is most abundant in postmitotic, mature
This simple mechanism might be the basis for the polarized distribution of materials within neuronal processes. neurons. Thus, it is very difficult to consider that KIFC2 et al., 1995b) . Anti-kinesin antibody H2 , antiThis issue will be tested by substituting the motor dosynaptophysin antibody (Obata et al., 1986) , and anti-SV2 antibody main with plus end-directed motor, such as conven- (Buckley and Kelly, 1985) were generous gifts from Dr. G. S. Bloom tional kinesin or axonal motor KIF1A. In addition, future (University of Texas), Drs. T. Shirao and K. Obata (Gumma Universtudy to clarify directionality of KIFC2 motor is also very sity), and Dr. K. M. Buckley (Harvard Medical School), respectively. important.
Anti-transferrin receptor antibody, anti-Lamp2 antibody ABL-93, anti-trk antibody (C-14), and anti-glutamate receptor were obtained from Boeringer, the Developmental Studies Hybridoma Bank, Santa
KIFC2 Transports MVB-Like Organelles
Cruz Biotechnology, Inc., and Upstate Biotechnology, Inc., respectively. Anti-SNAP25 antibody and anti-syntaxin antibody were purin Dendrites chased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
About 30% of the KIFC2 was recovered in a membraneHybridoma cell line clone 9E10, which produces anti-myc monobound form, about 40% in an as-yet-unidentified comclonal antibody, was obtained from ATCC. Other primary antibodies plex in the P4 fraction, and the rest as soluble protein.
were purchased from Transduction Laboratories.
We could not find any identifiable structures on the beads incubated with the P4 fraction. This KIFC2 com- that KIFC2 shows a higher affinity to microtubules, even strand (the consensus sequence is NI(RK)VX(CV)RXRP (X: hydrophobic amino acid). PCR primer was synthesized from this region in the presence of ATP, than other KIFs (Figure 3b ).
(ELRGNI); its sequence is GA(AG)(CT)T(AGCT)(CA)G(AGCT)GG(AGC That is, about 50% of the KIFC2 remained bound to T)AA(CT)AT. Primers corresponding to IFAYGQT consensus and microtubules in the condition similar to that in organelle LAGSE consensus were the same as those used in our previous identification experiments. Thus, it is not unlikely that report (Aizawa et al., 1992) . free KIFC2 bound to microtubule fragments or tubulin The characteristics of the KIFC2-bound membrane 38ЊC for 2 min, and 72ЊC for 3 min. The reaction product was purified organelle are interesting. Morphologically, it is very simiby agarose gel electrophoresis and reamplified with IFAYGQT primer lar to mvb, which mediates transport between early and and LAGSE primer. The product was subcloned into pBluescript late endocytotic compartments. However, many find-(Stratagene, La Jolla, CA), and was sequenced. Two fragments that contained SSRSH consensus sequence were used as the probe to ings are not consistent with this interpretation. First, screen the cDNA library. The screening, cloning, and sequencing mvbs are found in both dendrites and axons (Hirokawa was performed as described previously (Okada et al., 1995b) . The et al., 1990; Parton et al., 1992) , while KIFC2 is restricted sequences were analyzed with MacVector DNA analysis software to dendrites. Second, mvbs uptake fluid phase endocypackage (International Biotechnologies, Inc.). Coiled coil probability tosis marker (Parton et al., 1992) , while no colocalization was calculated by the standard algorithm (Lupas et al., 1991) . Phyloof KIFC2 staining and endocytosis marker (rhodaminegenetic analyses were performed with Clustal V software package as described previously (Sekine et al., 1994) .
BSA) was detected in cultured hippocampal neurons. Third, marker proteins of endocytotic compartments
Antibody Production
were not copurified with KIFC2. Fourth, the membrane We have raised two independent antisera that specifically recogproteins on endocytotic compartments (transferrin renize KIFC2 protein. One is raised against a synthetic peptide ceptor and Lamp2) showed no colocalization with KIFC2
GDPTQKSGGQPRGRRRPDQC that corresponds to 29-47 amino in cultured hippocampal neuron. Therefore, we assume acids of KIFC2. This peptide was conjugated to keyhole lympet that the KIFC2 cargo organelles are mvb-like organelles hemocyanin and was injected into rabbits. Specific antibody was affinity-purified by this peptide and immobilized on Sulfolink Couthat are different from endocytotic organelles, and play pling Gel (Pierce). specific roles in the dendrites.
Second antibody was raised against a fragment that lacks the Fortunately, the strong binding between KIFC2 and its head domain. The fragment was expressed as a thioredoxin fusion cargo organelle made the purification of KIFC2 cargoes protein in E. coli. A 3Ј-deleted clone 13A8 that was used for sequencvery easy. Thus, the identification of KIFC2 receptor(s) ing contains 1-388 amino acids (we refer to this fragment as T1). This on cargo organelles and the characterization of the orfragment was subcloned into pET32a expression vector (Novagen). Bacterial strain BL21(DE3) was transformed with this plasmid, ganelles should be possible, and could be immediate pET32a/T1, and the fusion protein expression was induced with 0.1 goals for future research. mM IPTG at 18ЊC for 12 hr. The bacteria was disrupted with French Press (Otake Corp., Tokyo), and the fusion protein was recovered on the Ni-IDA-Sepharose beads (Pharmacia). The fusion protein Experimental Procedures on the beads was then digested with thrombin, and the eluted T1 fragment was absorbed to bentonite (Wako Pure Chemical IndusReagents and Antibodies All reagents used in this study were purchased from Sigma, unless tries, Ltd., Osaka, Japan). This sample was further mixed with Freund's adjuvant and was injected into rabbits. otherwise indicated. The sources of the antibodies used in this study are as follows: Anti-KIFC2 polyclonal antibody was raised for this This anti-T1 antibody was affinity-purified by the three-step positive-negative affinity purification. For this purpose, two affinity colstudy as described in the following section. Anti-KIF1A antibody, anti-KIF3A antibody, and anti-dynamin antibody were produced in umns were prepared. The crude extract of BL21 bacteria expressing thioredoxin was conjugated to CNBr Sepharose (Pharmacia) column our previous studies Kondo et al., 1994; Okada (column N) . On the other hand, denatured full-length KIFC2 protein et al., 1994; Okada et al., 1995b) . The samples were observed with expressed with baculovirus was purified and conjugated to CNBr a conventional microscope AX (Olympus) or with a confocal laser Sepharose column (Column F). Antiserum was first applied to the scanning microscope MRC-1000. column N; the flow-through fraction was then applied to the column F. Antibody was eluted with 0.1 N glycine pH2.5, and the buffer KIFC2 Cargo Identification Experiments was exchanged with NAP5 desalting column (Pharmacia). Then, this
Mouse or rat cerebral cortex (gray matter) was dissected in iceantibody fraction was reapplied to the regenerated column N, and cold PBS and was homogenized in IM-Ac buffer (HEPES: 20 mM; the flow-through fraction was recovered. Thus, antibodies that react potassium acetate: 100 mM; KCl: 40 mM; EGTA: 5 mM; MgCl2 5 with bacterial proteins were almost completely removed, and only mM, pH 7.2) supplemented with proteinase inhibitors cocktail, DTT antibody that reacts with KIFC2 protein was recovered. This antibody fraction was used for the experiments in this study.
5 mM, and MgATP 2 mM. The homogenate was clarified twice with For immunostaining of brain section or cultured neurons, the samcentrifugation at 1000 ϫ g, 10 min. This postnuclear supernatant ples were incubated with this antibody at 5 g/ml and then with (PNS) fraction was used for the following assays. Cy2-, Cy3-, or Cy5-labeled anti-rabbit IgG secondary antibody (AmFirst, PNS was differentially centrifuged with TL100 ultracentriersham). The samples were observed with a confocal laser scanning fuge. Large membrane organelles were pelleted at 10k ϫ g, 10 min microscope MRC1000 (BioRad).
(P2). The remaining supernatant was centrifuged at 100k ϫ g, 60 In immunoblotting, the PVDF membrane blotted with protein were min to collect small membrane organelles (P3). Finally, remaining stained with 1 g/ml anti-KIFC2 antibody and then with alkaline organelles and large protein complex were pelleted at 400k ϫ g, 60 phosphatase-labeled anti-rabbit antibody (Cappel), or with 125 Imin (P4). Pellets and the remaining supernatant (S4) were analyzed labeled protein A (ICN). For quantitation, the blot was analyzed with by immunoblotting. MacBAS analyzer for phosphor-imaging plate (Fuji, Tokyo).
Second, PNS was fractionated by Nycodenz (Nycomed Pharma In both experiments, immunostaining and immunoblotting, anti-AS, Oslo) density gradient (NDG) centrifugation. PNS was mixed peptide antibody and anti-T1 antibody gave the same results. The with Nycodenz solution to adjust the final Nycodenz concentration former antibody, however, was sensitive to aldehyde fixation and to 30%. Then, 1.5 ml of this mixture was layered between 500 l of SDS-denaturation, and the signal detected with immunostaining 80% Nycodenz cushion and 1.5 ml of 10% Nycodenz solution. This and -blotting was weaker than that of anti-T1 antibody. Therefore, sample was centrifuged at 400k ϫ g, 4 hr with TL100.3 rotor (Beckonly results with anti-T1 antibody are presented in this study. man), and fractions were collected by puncture. The fractions were diluted 4 times with IM-Ac and pelleted at 400k ϫ g, 30 min. This Recombinant Protein Expression with Baculovirus pellet was used for the immunoblotting.
Expression System
Finally, this NDG fraction was used for immunoisolation of KIFC2 Many constructs were used for this study. The first construct was cargo. KIFC2 immunobeads and control beads were prepared as the full-length KIFC2 protein with N-terminal poly-histidine tag for described previously (Okada et al., 1995b) . The NDG fractions were purification. Recombinant baculovirus expressing this construct diluted 4 times with IM-Ac and were incubated with immunobeads was produced and purified as described previously (Okada et al., for 12 hr at 4ЊC. The beads were then washed with IM-Ac, and 1995b; Yamazaki et al., 1995 Yamazaki et al., , 1996 . the organelles that did not bind to the beads were collected by Because this full-length KIFC2 protein was not recovered as solucentrifugation. The beads and the organelles not bound to beads ble active protein, we constructed several 5Ј-deletion mutants and were analyzed with immunoblotting. fusion proteins. For this purpose, we first constructed a vector to For electronmicroscopic analysis, supraparamagnetic beads (Dyintroduce N-terminal thioredoxin tag. Thioredoxin gene (TrxA) was nabeads M-280, Dynal AS, Oslo) coated with anti-rabbit IgG anti-PCR-amplified from pET32a and was introduced into pBluescript.
body were incubated with anti-KIFC2 IgG or nonspecific rabbit IgG. To this vector, 5Ј-deleted clones (T3: 316-792 amino acids, T4:
These beads were incubated with NDG fraction for 12 hr at 4ЊC, 378-792 amino acids) produced with PCR were introduced. This washed with IM-Ac, then fixed with 2.5% glutaraldehyde. The samplasmid was used for the production of recombinant baculovirus.
ples were then processed according to the standard procedure to Recombinant proteins (TrxT3 and TrxT4) were purified as described make ultrathin Epon-embedded sections and were observed with previously (Okada et al., 1995b) with little modifications. Insect cells an electron microscope. All beads in the single hole of the grid (150 were disrupted in PHM buffer (Pipes: 25 mM; HEPES: 25 mM; MgCl 2: mesh) were photographed, and the number of the organelles bound 1 mM, pH 7.4) supplemented with 0.1% Triton X-100 and proteinase to the beads' surface was counted. The results were standardized inhibitors cocktail. The extract was clarified and applied to PD10 by dividing by the total length of the beads' surface. desalting column (Pharmacia) equilibrated with PHM buffer. The eluate was then applied to a TALON immobilized metal affinity column (Clontech). The fusion protein was then eluted with 150 mM Acknowledgments imidazole (pH 7.4), and the buffer was exchanged to PHM buffer with NAP5 desalting column. With these purified proteins, microtubule
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Immunofluorescent Staining of Ligated Peripheral Nerves
Sciatic nerves were ligated and processed for immunofluorescent staining as described previously (Hirokawa et al., 1990 (Hirokawa et al., , 1991 Received November 26, 1996; revised February 4, 1997.
